Increased phagocytosis of complement-opsonized vesicles was accompanied by increased phosphatidylinositol (Ptdlns) turnover in murine macrophages. However when PtdIns was also present as one of the lipids in the opsonized liposomes, it reduced both phagocytosis and stimulation of endogenous Ptdlns turnover. These suppressive effects did not occur with liposomes containing PtdIns phosphate (PtdIns-P). When a monoclonal IgM "anti-PtdIns-P" antibody that bound to inositol phosphate was substituted for antigalactosyl ceramide antibodies for activating complement in the opsonizing process, eflhanced phagocytosis occurred normally but increased cellular PtdIns turnover did not occur. Therefore the data show that, although PtdIns-P cannot replace PtdIns for suppressing Ptdlns turnover, Ptdlns-P can be induced to be suppressive after specific binding to an antibody that recognizes inositol phosphate. We conclude that ingestion of complement-opsonized liposomes by macrophages and complement-induced turnover of cellular PtdIns are separate but related phenomena that can be independently modulated by the polar group of liposomal Ptdlns.
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In 1953 Hokin and Hokin (1) observed that acetylcholine caused an enhancement of phosphatidylinositol (Ptdlns) metabolism in pancreatic slices. This suggested that Ptdlns might have a special function in the cell response to external stimulation by acetylcholine. Since that initial observation, "PtdIns responses" (enhanced PtdIns turnover) have been reported in a wide variety of tissues and cells and have been correlated with numerous stimuli modulating different cell functions (reviewed in refs. [2] [3] [4] [5] [6] [7] . Despite the voluminous literature in this field, the molecular basis of the PtdIns response, as well as its exact mechanism and function, have not been completely elucidated (2) (3) (4) (5) (6) (7) .
The original purpose of the present study was to determine whether a Ptdlns response would appear during the course of complement-opsonized phagocytosis of liposomes. It was felt that this observation would be a natural step in a continuing investigation of complement-induced ingestion of liposomes by macrophages (8) . Although a PtdIns response was indeed found, in the course of this work we also made a surprising discovery that the PtdIns response was exquisitely sensitive to the presence of exogenous PtdIns in the opsonized liposomes and the PtdIns response was suppressed when the liposomes contained Ptdlns. It occurred to us that this observation might have broad implications because PtdIns that is initially external to the cell had not been used previously to study modulation of intracellular Ptdlns turnover.
In this paper we report (i) that both phagocytosis of liposomes and intracellular PtdIns turnover are enhanced by complement opsonization of the liposomes, (ii) that incubation of liposomal PtdIns with macrophages strongly suppresses both the phagocytosis of complement-opsonized liposomes and intracellular PtdIns turnover, and (iii) that complement-induced phagocytosis and increased PtdIns turnover in macrophages are actually independent phenomena that can be dissociated from each other. Liposome-antibody-complement complexes (LAC) were prepared essentially as described (8) . Rabbit antiserum (antiGal-Cer) or mouse ascites fluid containing monoclonal IgM anti-PtdIns-P antibodies (100-500 ,1u) and guinea pig serum as complement source (500-1000 ,u1) were added to 100-500 p4l of the liposomes containing the appropriate antigen (8 injection of 10 ml of RPMI 1640 medium supplemented with 2 mM L-glutamine (GIBCO), gentamycin at 50 tkg/ml (Mi- crobiological Associates), and 10% heat-inactivated fetal bovine serum. Peritoneal fluid was withdrawn and the total number of cells (lymphocytes and macrophages) was counted. Differential counts were made using Diff-Quick-stained cell smears. Viability of the cells was tested by trypan blue exclusion and was always -90%.
MATERIALS AND METHODS
The peritoneal cell suspension was centrifuged at 400 x g for 10 min and adjusted to 106 macrophages per ml. The cells (5 x 105 macrophages per 0.5 ml) were placed on cover slides in 16-mm Costar tissue culture plates and allowed to adhere at 370C in an atmosphere of 5% C02/95% air and 95% relative humidity. Nonadhering cells were removed by washing the monolayer after 4 hr with the above medium, and adherent cells were allowed to equilibrate overnight before incubation with LAC.
Incubation with LAC. In a final volume of 290 1ul, opsonized liposomes (50 nmol of phospholipid) were added to each of the equilibrated macrophage cultures in RPMI 1640 medium without fetal bovine serum and incubated for up to 4 hr at 370C in an atmosphere of 5% C02/95% air and 95% relative humidity. One hour prior to the end of incubation, 10,ul (0.5 ,uCi) of myo-[3H]inositol in 0.154 M NaCl was added to each culture. At the end of the incubation period, the cultures were washed extensively with ice-cold phosphatebuffered saline, and the cells were digested overnight with 0.5 ml of NCS tissue solubilizer. Then, the cell digest was neutralized with glacial acetic acid, 10 ml of Liquifluor toluene scintillation cocktail was added, and radioactivity was measured in a Searle Mark III model 6880 scintillation counter. The counting efficiency was 94% and 37% for 14C and 3H, respectively, and the interchannel spillover was <5% for double-labeled experiments.
Phospholipid Analysis. After incubation with radiolabeled inositol, the cover slides containing the adherent cultures were removed, sonicated in a single chloroform/methanol/ water phase, 5:10:4 (vol/vol), and centrifuged. The pellet was extracted twice, as above, and the combined supernatants were phase-separated by addition of chloroform and water (12) . The chloroform phase was concentrated in vacuo and made up to volume, and aliquots were taken to determine radioactivity and for phospholipid analysis by thin-layer chromatography and autoradiography (13 
RESULTS
Phagocytosis of LA and LAC. As shown in Fig. 1 (curve 4), Myr2-PtdCho/Pam2-PtdOH LA were ingested to only a slight extent by mouse peritoneal macrophages. This is consistent with the fact that the antiserum used to prepare the LA contained almost exclusively IgM antibodies (11) and IgM does not opsonize particles for ingestion (14) . In contrast, when complement was added to the Myr2-PtdCho/ Pam2-PtdOH LA to form LAC, substantial phagocytosis occurred [ Fig. 1 (curve 1)] .
We reported previously that complement-mediated phago- cytosis was much lower for acidic liposomes than for neutral ones (8) , and this phenomenon is also seen in Fig. 1 . LAC containing only an acidic phospholipid (curve 2) were not taken up as well as those in which half of the acidic phospholipid was replaced by a neutral phospholipid (curve 1). When PtdIns was added to the liposomes (curve 3), profound suppression of uptake of liposomes occurred, eliminating nearly all of the enhanced uptake induced by complement. The enormous degree of suppression of LAC uptake by PtdIns suggested that a further suppressive mechanism might have occurred in addition to that caused by negative charge alone. The rabbit antiserum used in Fig. 1 was specific against Gal-Cer. As an alternative reagent for producing LAC, a murine monoclonal IgM antibody specific against Ptdlns-P was used (15) . LAC prepared with anti-PtdIns-P antibodies were ingested to the same extent as those prepared with anti-GalCer antibodies (Fig. 2) . We found (data not shown) that there was no detectable enhancement of liposome uptake induced by the monoclonal anti-PtdIns-P antibody in the absence of complement, thus further confirming the lack of opsonizing ability of IgM antibodies (14) . Despite the decreased charge carried by PtdIns compared with PtdIns-P, uptake of liposomes containing PtdIns was much lower than that of liposomes containing PtdIns-P (Fig. 2) . This also suggests that PtdIns can suppress complement-mediated phagocytosis by a mechanism unrelated to the presence of negative charge. Fig. 1 except that different antibodies were used to opsonize the liposomes containing Myr2-PtdCho/Ptd-Ins-P. Curves: 1 and 2, Myr2-PtdCho/Ptdlns-P/Chol/Gal-Cer liposomes, anti-PtdIns-P and anti-Gal-Cer, respectively; 3, Myr2-PtdCho/Ptdlns/Chol/Gal-Cer liposomes, anti-GalCer.
PtdIns. To test this, we carried out a pulse-chase experiment. If PtdIns were being synthesized de novo, then a change of slope would be expected during the chase that would correspond to the synthesis of unlabeled PtdIns available for breakdown by phospholipases. This change of slope corresponding to the chase portion of the experiment was observed (Fig. 3) . The slope change could not have been simply due to an increase in the intracellular pool of unlabeled inositol that would be available for exchange. This latter point was established by carrying out a chloroform/methanol/water (Bligh-Dyer) Time, min label (>98%) appeared in the phospholipid fraction rather than as free (water-soluble) inositol. Therefore, isotopic equilibration between extracellular and intracellular inositol was not a rate-limiting step in the experiment. Based on these observations, the slope change for the chase portion of the pulse-chase experiment could not have been due to a trivial explanation such as dilution of intracellular inositol. The slope change could only have been due to a typical precursor-product relationship representing de novo synthesis of unlabeled Ptdlns.
As shown in Fig. 4 , Myr2-PtdCho/Pam2-PtdOH LAC stimulated increased Ptdlns turnover (curve 1) but Myr2-PtdCho/Pam2-PtdOH LA did not (curve 3). However, stimulation of increased Ptdlns turnover by LAC was not observed when the LAC contained Ptdlns (Myr2-PtdCho/ Ptdlns) (curve 4). As in the phagocytic process, it appeared that liposomal PtdIns had a suppressive effect on endogenous Ptdlns turnover that went beyond any that might have been due to liposomal charge alone.t Dissociation of Ptdlns Turnover and Phagocytosis of LAC. The above data suggested that uptake of LAC and increased turnover of Ptdlns may be interdependent phenomena. Because of this possibility, we searched for a case in which tDuring the review of this paper, an ingenious explanation was suggested as an alternative to the suppression of PtdIns turnover by PtdIns liposomes. This was that the inositol on the liposomal PtdIns might have been released by hydrolysis either extracellularly or intracellularly, resulting in dilution of the labeled inositol by unlabeled inositol. It is unlikely that all of the inositol from PtdIns in multilamellar liposomes could be rapidly hydrolyzed. However, even if it did occur, two calculations show that this could not have accounted for the apparent suppression of PtdIns turnover. First, complete hydrolysis of all of the liposomal PtdIns with release of free inositol would have caused only 1.5% dilution of the extracellular inositol. Second, as noted above, virtually all of the intracellular inositol was present as PtdIns. Based on the degree of ingestion of liposomes containing PtdIns, the maximum possible dilution of endogenously labeled PtdIns by exogenously added liposomal PtdIns could have amounted to only 0.03%. phagocytosis and PtdIns turnover might be dissociated. To do this, we determined PtdIns turnover using liposomes containing Myr2-PtdCho/Chol/Gal-Cer but differing in the presence or absence of Pam2-PtdOH, PtdIns, or PtdIns-P. As expected from previous data (Fig. 4) , Ptdlns turnover was stimulated by LAC containing either Pam2-PtdOH or PtdIns-P but not by LAC containing either of the two sources of PtdIns (animal or plant) (Table 1) . However, when the 4-phosphate group of PtdIns-P was blocked by binding to a monoclonal anti-PtdIns-P antibody, suppression of PtdIns turnover similar to that caused by liposomal PtdIns was observed ( Table 1 ). As noted in Fig. 2 (curve 1), liposomes opsonized with anti-PtdIns-P antibodies and complement are ingested normally, and therefore the data of Table 1 indicate that increased PtdIns turnover can be dissociated from phagocytosis of LAC liposomes.
DISCUSSION
In the past 30 years, more than 30 biological phenomena have been correlated with increased turnover of PtdIns (3) (4) (5) . The data in this paper show that phagocytosis of complement-opsonized liposomes (Fig. 1 ) is normally associated with increased turnover of endogenous intracellular PtdIns (Fig. 4) , and this observation therefore represents another system in which increased turnover of PtdIns can be observed. It is likely that the triggering event for initiation of increased PtdIns turnover in these experiments was the binding of LAC liposomes to the macrophage C3b receptor because phagocytosis per se, as judged by ingestion of inert particles, does not induce increased PtdIns turnover in macrophages (17) . However the present paper also describes an instance in which increased PtdIns turnover associated with a biological phenomenon is specifically suppressed by exogenously added PtdIns. Suppression of complement-mediated phagocytosis of the liposomes occurred concomitantly with suppression of increased PtdIns turnover. In each case, suppression was specifically associated with PtdIns and did not occur when PtdIns-P was substituted for PtdIns.
As However, this hypothesis was disproved because we found one example in which the two phenomena were not associated. When liposomes containing PtdIns-P were opsonized with IgM monoclonal anti-PtdIns-P antibodies and complement, phagocytosis occurred normally (Fig. 2) , but increased PtdIns turnover did not occur ( Table 1 ). The latter observation of suppression of PtdIns turnover by binding of anti-PtdIns-P to liposomal PtdIns-P was unexpected. The monoclonal anti-PtdIns-P antibody binds to the phosphate attached to the C4 position of the inositol ring of PtdIns-P (15) . It has previously been found (18) Despite the enormous range of cellular activities that reportedly have been accompanied by increased PtdIns turnover, the reasons for these associations are not fully understood (2) (3) (4) (5) . Among several possible theories, it has been proposed that PtdIns serves as a reservoir of arachidonic acid. The fatty acids of animal PtdIns consist predominately of arachidonic acid and stearic acid (3) . A recent paper from this laboratory reported that liposomal plant PtdIns (which lacks arachidonic acid) has a tumoricidal effect against cultured tumor cells but no cytotoxic effect against tumor cells occurred with animal PtdIns (which contains arachidonic acid) (19) . It 
